Vascular flow through tissues is regulated via a number of homeostatic mechanisms. Localized control of tissue blood flow, or autoregulation, is a key factor in regulating tissue perfusion and oxygenation. We show here that the net balance between two hypoxia-inducible factor (HIF) transcription factor isoforms, HIF-1α and HIF-2α, is an essential mechanism regulating both local and systemic blood flow in the skin of mice. We also show that balance of HIF isoforms in keratinocyte-specific mutant mice affects thermal adaptation, exercise capacity, and systemic arterial pressure. The two primary HIF isoforms achieve these effects in opposing ways that are associated with HIF isoform regulation of nitric oxide production. We also show that a correlation exists between altered levels of HIF isoforms in the skin and the degree of idiopathic hypertension in human subjects. Thus, the balance between HIF-1α and HIF-2α expression in keratinocytes is a control element of both tissue perfusion and systemic arterial pressure, with potential implications in human hypertension.
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A utoregulation of vascular flow in peripheral tissues is essential both for controlling local tissue perfusion and for the regulation of systemic blood pressure. This dual role for peripheral blood flow is dependent in turn on a range of factors that act to adjust local vascular tone. A key element of this control is the balance between O 2 demand and O 2 supply (1). This balance causes increased need for oxygen to induce increased blood flow. This regulatory pathway in peripheral tissues has a direct impact on systemic arterial pressure, because peripheral vascular resistance in large part determines total vascular resistance in the arterial bed.
The skin contains a very extensive series of vascular plexi. This vascular bed has a range of essential functions, which include regulating body temperature. Skin circulation also is altered in a number of disease states, including renal disease (2), hypercholesterolemia (3), peripheral vascular disease (4), heart failure, and hypertension (5) . Identification of structural alterations to the subcutaneous microvasculature provides a powerful prognostic tool to predict cardiovascular events in hypertensive patients (6) , and impaired microvascular vasodilation and capillary rarefaction is associated with familial predisposition to hypertension (7) .
The heterodimeric transcription factors hypoxia-inducible factoralpha (HIF-1α) and HIF-2α are essential for the maintenance of cellular oxygen homeostasis (8) . In response to hypoxia, stabilized HIF-1α and HIF-2α proteins initiate the expression of genes that alleviate hypoxic stress, including genes promoting cell growth, adhesion, and migration, new vessel formation, and the development of vascular networks (9, 10) .
Recent data from a number of groups have indicated that HIF-1α and HIF-2α can act in a dualistic manner to regulate a range of responses in vivo; these interactions include functionally opposing interactions with the Myc transcription factors (11) (12) (13) , with the tumor suppressor p53 (14) (15) (16) , and with mTOR (17) .
Work by Prabhakar and co-workers (18) (19) (20) showed that HIF-1α and HIF-2α global heterozygosity influenced ventilatory rates and thus a number of responses to oxygenation controlled by the carotid body. They now have extended this work to show that there also is a functional antagonism between the HIF isoforms that regulate cardiorespiratory homeostasis through the carotid body and adrenal medulla (21) . This work connects HIF isoform balance and the global control of response to physiological oxygenation.
We have shown previously that in macrophages, nitric oxide (NO) homeostasis can be regulated differentially through the opposing transcriptional effects of Th1 and Th2 cytokines on HIF-1α and HIF-2α, respectively (22) . NO is a key regulator of vascular tone (23) , and the physiological importance of NO in the regulation of blood pressure is highlighted by the fact that pharmacological inhibition of NO synthases leads to severe hypertension (24) .
Here we perform a detailed analysis of the role that HIF isoform balance plays in the regulation of nitric oxide equilibrium in the skin. Our results indicate that this balance in oxygenresponsive transcription factor isoforms is a key factor in the overall maintenance of systemic arterial pressures and that an alteration in this balance correlates with idiopathic hypertension in human subjects.
Results
To characterize how HIF might function as a modulator of NO and thereby influence tissue vascular autoregulation, with the skin as a model peripheral tissue, we used mouse strains with conditional alleles of the relevant HIFα isoforms crossed to mouse strains expressing Cre recombinase under the control of the keratin 14 (K14) promoter. This experimental platform drives the excision of the HIFα isoforms only where the K14 promoter is active, i.e., within basal layers of the epidermis. Of interest, keratinocyte deletion of HIF-2α induced greater HIF-1α stability in the skin than seen in WT controls, possibly suggesting some sort of compensatory mechanism. This phenomenon was
Significance
The differential expression of the hypoxia-inducible factor-alpha (HIF-α) isoforms in the skin of mice influences vascular resistance and is correlated with homeostatic regulation of nitric oxide synthesis. A correlation between HIF isoform expression and hypertension was found in skin biopsies from human subjects, and may indicate a mechanism in the etiology of idiopathic hypertension.
not observed in the K14cre-HIF-1α mice with regards to HIF-2α expression (Fig. S1) .
HIF-1α has a key role in NO synthase 2 (NOS2) regulation in response to Th1 cytokines (25) (26) (27) , and, as shown previously, HIF-2α has a similarly important role in the regulation of arginase-1 in a Th2-cytokine-dependent fashion (22) . In macrophages HIF-1α-dependent expression of NOS2 results in increased NO, via increased L-arginine utilization, whereas depletion of L-arginine via enhanced arginase activity stimulated by HIF-2α induction of the arginase-1 gene acts to reduce available L-arginine. This alternative utilization of L-arginine reduces the availability of this substrate for NO synthases and thus indirectly reduces NO production (22) .
To determine whether this pattern of differential HIF-1α/HIF-2α regulation of NO homeostasis also occurs in keratinocytes independently of cytokine stimulation, we analyzed both RNA (Fig. 1A) and protein (Fig. 1B) isolated from skin biopsies of K14cre-HIFα mice. These biopsies show markedly reduced expression of NOS2 mRNA and protein in K14cre-HIF-1α mice as compared with littermate controls. In contrast, K14cre-HIF-2α mice show marked reduction in the expression of both arginase-1 and -2 mRNA and protein ( Fig. 1 A and B and representative Western blots in Fig. S2A ).
Although analysis of plasma nitrates revealed little variation in basal concentrations between mutant mice and their littermate controls (Fig. 1C) , measurement of skin nitrate levels revealed that K14cre-HIF-2α mutant mice accumulated far greater concentrations of nitrates than littermate controls (0.96 μM for control animals and 3.83 μM for K14cre-HIF-2α mutant mice, n = 9, P < 0.05) or K14cre-HIF-1α mutants (0.88 μM, n = 9) (Fig. 1D) . Mass spectrometric analysis of free soluble amino acids extracted from the skin of K14cre-HIF-1α mice showed a significant increase in arginine (with nonsignificant changes in ornithine and proline), suggesting alterations in arginine utilization in the skin of these mice (Fig. 1E) . Another prominent NOS, NOS1, appeared to be have a minimal level of expression in skin, and its expression was unaffected in the mutants (Fig.  S2B ). Together these observations indicate that the HIF pathway is a significant regulator of arginine utilization through known HIF targets such as NOS2/inducible NOS (iNOS).
Initial histological analysis suggested a normal development of skin architecture, with no abnormalities in the development of dermal blood vessels in any of the K14cre-HIF-α mutant mice compared with nontransgenic littermate controls (Fig. S3A) , even though VEGF gene expression trended lower in K14cre-HIF1-α mice (Fig. S3B ). Quantification identified a vascular density of 2.5-3% across the mutant and control animals ( Fig.  2A) . However, microvascular diameters were reduced significantly in the K14cre-HIF-1α mutant mice as compared with littermate controls ( Fig. 2B and Fig. S3C ).
Loss of epidermal HIF-1α did not affect either core body or skin temperatures; however, loss of HIF-2α significantly increased both core body (WT 37.05 ± 0.09°C, HIF-2α mutant 37.47 ± 0.06°C, P < 0.005, n = 15-29) and skin temperatures (WT 34.62 ± 0.22°C, HIF-2α mutant 35.35 ± 0.10°C, P < 0.05, n = 17-33) compared with WT littermate controls ( Fig. 2 C and  D) . Furthermore, loss of epidermal HIF-2α significantly increased basal metabolism relative to that of littermate controls or K14cre-HIF-1α mice ( Fig. S4 A and B) .
Given the effects of deletion of the HIF-α isoforms on skin and core temperatures, a temperature-conservation challenge was used to determine whether the mechanisms for the preservation of core body temperature in the cold were affected in these mutants. K14cre-HIF-2α mice quickly became hypothermic relative to littermate control mice, with a significant defect in acclimation evident 3 h after the onset of cold stress (4°C) (WT 35.5°C, n = 9; HIF-2α mutant 34.6°C, n = 6; P < 0.05) (Fig. 2E ). Epidermal deletion of HIF-1α did not influence acclimation to cold environmental temperatures. There was a significant difference between the two isoform-knockout animals; again, each deviated from the WT core temperature in opposing directions.
To probe heat dissipation through the skin further and to determine whether HIF isoforms in keratinocytes had opposing effects on this vital physiological process, control and mutant mice were subjected to strenuous exercise during which significant defects in attaining a high VO 2 max were observed in both HIF-1α and HIF-2α keratinocyte mutants ( Fig. S4 C and D) . If this inability to attain a high VO 2max was caused by defects in heat dissipation through the skin (28), a higher core temperature should result from defective vasodilation, and a lower core temperature should result from excessive cutaneous vasodilation. Indeed, as shown in Fig. 2F , loss of cutaneous HIF-1α resulted in a significant elevation of core temperature after exercise relative to WT controls (WT 37.51 ± 0.21°C, mutant 37.96 ± 0.08°C, P < 0.05, n = 6). Furthermore, thermo-imaging before and after exercise revealed lower skin temperatures in the tails of K14cre-HIF-1α mice after exercise than seen in littermate controls ( Fig.  2 G and H). These data indicate that the loss of either HIF-1α or HIF-2α in keratinocytes affects the systemic adaptive mechanisms required for heat dissipation, again in opposing fashions.
As a key negative regulator of HIFα protein stability, the tumor suppressor Von Hippel-Lindau factor (VHL) was examined for its effects on heat dissipation. Interestingly, in these mutants, the resultant increase in the expression of both HIF isoforms resulted in mice with greatly reduced skin temperatures (Fig. S5 A-C) as well as profound defects in adaptation to cold challenge and metabolism (Fig. S5 D and E) .
One of the most important measures of alterations in peripheral vascular resistance is an alteration in systemic arterial pressure. Therefore basal blood pressure was recorded for K14cre-HIF-α isoform mutants (Fig. 3A) . Keratinocyte deletion of HIF-1α (n = 20) gave rise to a significantly increased systolic (122 mmHg vs. 111 mmHg) and diastolic (98 mmHg vs. 91 mmHg) pressure, i.e., induced hypertension relative to control mice (n = 34). In contrast, HIF-2α deletion in keratinocytes (n = 10) significantly lowered basal systolic (103 mmHg) and diastolic (82 mmHg) pressures, causing systemic hypotension.
A number of markers of cardiac stress are known to be associated with hypertension. To examine this association more closely, mRNA was isolated from the heart tissue of controls and keratinocyte-deletion HIF-α isoform mutants and was analyzed for the expression of natriuretic peptide A (Nppa), natriuretic peptide B (Nppb), actin alpha 1 skeletal muscle (Acta1), and myosin heavy chain 7 cardiac muscle (myh7), a selection of genes recognized to be transcriptionally up-regulated in cardiac tissue from hypertensive subjects (29, 30) . All four genes were increased in cardiac tissue from K14cre-HIF-1α mice (Fig. 3B) , verifying cardiac stress secondary to induced hypertension. Deletion of keratinocyte HIF-2α (Fig. 3B) showed a trend toward lowered expression profiles of these same markers in cardiac tissue.
Because cardiac tissue also shows fibrotic changes in hypertension, we examined ventricular walls for fibrosis in mutants and found that fibrotic areas were significantly greater in the hypertensive K14cre-HIF-1α mutants than in controls (Fig. 3C) . Of note, biochemical analysis of blood samples from K14cre-HIF-1α mice show normal liver and kidney function compared with WT controls (Table S1 ).
To explore how differential keratinocyte HIF-α isoform expression might influence vascular tension during hypertension, an acute hypertension syndrome was induced in mutant and control mice via 14-d infusion of angiotensin-II (Ang-II) (2 μg·kg
) through a surgically implanted osmotic minipump (31) . Mean systolic (158 mmHg vs. 111 mmHg, P < 0.01) and diastolic (111 mmHg vs. 89 mmHg, P < 0.01) blood pressures were significantly increased at day 14 in Ang-II-treated WT mice as compared with vehicle-treated controls (Fig. S6A) .
In K14cre-HIF-1α mutant mice (n = 7) there was a significant increase in both systolic (187 mm/Hg vs. 170 mm/Hg) and diastolic (138 mmHg vs. 119 mmHg) blood pressures compared with littermate controls (Fig. 4A) . Here again, the opposite effect on blood pressure was seen in K14cre-HIF-2α mutant mice (n = 7), in which substantial protection against Ang-II-induced hypertension was seen, with attenuation in both systolic and diastolic blood pressures (Fig. 4A) . The percentage of fibrotic cardiac tissue also was significantly less in the K14cre-HIF-2α mutants than in littermate controls (Fig. 4 B and C) . These results indicate that loss of HIF-2α in the skin has an ameliorating effect on the severe hypertension induced in this model.
Analysis of RNA isolated from the skin of K14cre-HIF-1α mice identified no deviation in the expression of NOS2 or arginase-1 or -2 compared with similarly treated (Ang-II) WT controls (Fig. 4D) . Conversely, K14cre-HIF-2α mice demonstrated a significant increase in NOS2 gene expression (8.01 ± 2.0-fold change, n = 6, P < 0.0.05) (Fig. 4D) . This observation was confirmed by a significant increase in skin-associated nitrate concentration (7.8 ± 1 μM vs. 5.0 ± 0.5 μM, respectively, n = 4, P < 0.05) (Fig. 4E ). There was a reduction of skin nitrate isolated from K14cre-HIF-1α mice (n = 4, P = 0.06), again showing an effect opposite that caused by the deletion of the HIF-2α isoform. Of interest, a number of recent studies have documented a heightened interaction/stability of HIF-1α in animals treated with Ang-II (32). We observed a significant and coordinate increase in both HIF-1α and HIF-2α proteins in the skin of WT control mice treated with Ang-II (Fig. 4 F and G) as well as an increase in the expression of NOS2. The expression of NOS1 mRNA (Fig. S6B ) and NOS3 protein remained unchanged (Fig. 4F) .
This last observation indicates that HIF isoform expression is modulated in WT mice by the induction of hypertension. Although this finding is intriguing and clearly supports an essential role for HIF isoform balance in the maintenance of the appropriate peripheral vascular resistance in mice, we wished to determine how this modulation might relate to human hypertensive disease. To ascertain relevance to human hypertension, we recruited consenting subjects that either were normotensive or had established . (E) Core body temperature was monitored during acclimation of K14cre-HIF-1α and K14cre-HIF-2α mice to an environmental temperature of 4°C and was compared with WT controls. Data are shown as mean drop in core temperature (°C) ± SEM following 3-h exposure (n = 6-9). (F) Core body temperature (°C) was measured before and after exercise to determine the dissipation of heat (n = 6). (G and H) Tail-skin temperature was monitored before and after exercise stress. Thermal infrared imaging suggested that HIF-1α mutant mice dissipate significantly less thermal energy through the tail skin than WT mice. Data are shown as mean (°C) ± SEM (n = 5). *P < 0.05, **P < 0.005.
mild hypertension and who were otherwise healthy as volunteers for skin biopsy analysis of HIF-α expression. Approval for this research was granted by the Cambridge (UK) Research Ethics Committee (Ref:11/EE/0028). Volunteers were screened for hypertension status, age, and medication, as shown in Table S2 .
Initial blood pressure measurements confirmed the hypertensive state of the subjects, with significantly higher systolic (154 mm/Hg vs. 126 mm/Hg, P < 0.005), diastolic (89 mmHg vs. 73 mmHg, P < 0.005), and mean arterial (110 mm/Hg vs. 91 mm/Hg, P < 0.005) blood pressures in the hypertensive group (n = 16) than in healthy normal controls (n = 24) (Fig. 5A) . A determination of nitrate levels in these subjects showed that hypertension also was correlated with a significantly decreased amount of skin nitrate ( Fig.  5B ) with a strong trend toward a reduction in NOS2 gene expression (Fig. S7) Immunohistochemical analysis of epidermal expression of the HIF-α isoform showed that decreased expression of HIF-1α in the epidermal layer correlated significantly with increased mean blood pressure, whereas increased epidermal HIF-2α expression, specifically nuclear localization of HIF-2α, correlated very significantly with increased mean blood pressure. These data again suggest that the HIFα isoforms have opposing roles in regulating peripheral vascular resistance and, ultimately, blood pressure ( Fig. 5 C and D) .
Discussion
The distribution of blood flow through vascular beds is regulated through complex adjustments of the vascular tone and thus the resistance of the microcirculation to blood flow. HIF-α isoforms are expressed in a wide range of tissue types, and, as oxygenresponsive modulators of vascular function, they act as agents that respond to different levels of tissue perfusion. The two main HIF-α factors have a number of both overlapping and divergent gene targets, but recent evidence has indicated that they can act to coregulate important biological control pathways through functionally oppositional targets. Here we report evidence that a balance of HIF-1α and HIF-2α in the skin is essential for controlling peripheral vascular resistance. Previously we have shown that inflammatory cytokines can influence the balance of HIF-1α and HIF-2α, and that this balance in turn regulates macrophage production of NO via differential regulation of the HIF target genes iNOS/NOS2 and arginase1 (22) . Our data indicate that this pathway for control of NO homeostasis also exists in keratinocytes, although in this case in the absence of cytokine regulation. In this peripheral and highly vascularized tissue, it is a localized mechanism for control of vascular flow. Because NOS2 regulation differs between mice and men, it will be important to follow up with a more detailed examination of HIF-dependent NOS2 regulation in human peripheral vasculature (33) .
Vasodilation induced by nitric oxide is known to act as a physiological counterbalance to the vasoconstriction controlled by both the sympathetic nervous system and by renin-angiotensin action. It is clear that NO is a key regulator of peripheral vascular resistance: Blockade of NO synthesis with inhibitory L-arginine analogs has been shown to increase peripheral vasoconstriction (34, 35) and increase systemic blood pressure (34, 36) . A number of studies also have linked NO bioavailability with endothelial cell dysfunction and hypertension (37, 38) . Hypertensive subjects have lower serum levels of bioavailable NO than normotensive controls (38, 39) , and increasing the availability of L-arginine, the natural substrate of NOS, leads to heightened vasodilation and decreases in arterial blood pressure (40, 41) . Increased peripheral vascular resistance in the skin can lead to alterations in vascular density and ultimately to vascular rarefaction. The arginase enzymes, which are shown here to be induced by HIF-2α, are important not only because they can influence NO generation indirectly, but also because they are critical in channeling L-arginine to L-ornithine and, ultimately, for the production of the polyamines and L-proline. These in turn contribute to increased collagen synthesis, which itself is linked to fibrosis. Thus, an aberrant spectrum of HIF isoform function/expression may underlie many of the fibrotic vascular pathologies evident in patients with hypertension.
These data show that hypertensive individuals differentially express HIF-1α and HIF-2α, with a loss of the concordant regulation evident in normotensives. We demonstrated previously that deletion of the HIF negative regulator VHL in keratinocytes can disturb vascular flow to other organs, including to the viscera (12) . This alteration in vascular flow has striking physiological effects, including changes in the synthesis of erythropoietin at distant sites. Clearly, the overall regulation of NO homeostasis in tissue beds via oxygen-responsive factors is a potent mechanism for achieving physiological balance, apart from the traditional axes of this control such as the kidney and central nervous system. Previous studies by Prabhakar and co-workers (19, 21) reported that hemizygous global deletion of HIFα isoforms did not cause hypertension when HIF-1α was reduced but did cause hypertension in global HIF-2α hemizygotes. These results, in contrast with those shown here, point out the critical importance of considering the role of these factors in a tissue-specific context. Hypertension involves peripheral vascular resistance, and the resistance and resultant vascular remodeling in the periphery will cause compensatory changes in other vascular beds. A global deletion will show this compensation in a time-and tissuedependent manner that will be different from that engendered by deletion in a single tissue type, as here. Both types of experimental observation are crucial for a better understanding of the complexity of hypertension and the role of the HIFs in its etiology.
Materials and Methods
Animals. All animals were housed in a facility approved by the International Association for the Assessment and Accreditation of Laboratory Animal Care, and animal experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (42) .
Targeted deletion of HIF-1α and HIF-2α in keratinocytes was created by crossing mice (C57Bl6/j) homozygous for the floxed allele in HIF-1α, HIF-2α, or VHL into a background of Cre recombinase expression driven by the K14 promoter, which is specific to cells of the keratinocyte linage.
Metabolic Analysis. Energy expenditure of the K14-mutant mice and their WT littermates was measured using the Columbus Instruments Oxymax system according to the manufacturer's instructions. For exercise tolerance testing, mice were allowed to acclimatize to the enclosed treadmill environment for 15 min before stimulation. The treadmill was initiated at 5 M/min increasing to 9, 12, 15, and 18 M/min on a 15°incline. VO 2 was measured every 30 s on a 150-s cycle before the speed of the treadmill was increased.
Mouse Temperatures and Blood Pressure Analysis. Surface temperatures were measured with a FLIR Thermovision A20 thermal infrared camera, and image data were analyzed using FLIR image analysis software. All core body temperatures were taken rectally with a TEGRAM 871A digital thermometer (Braintree Scientific Inc) using a RET-1 rectal probe. Temperature acclimation tests were conducted in bare cages with water and food supplied ad libitum. Rectal temperatures were taken before and every hour for 6 h during the temperature acclimation test. Blood pressure was monitored in restrained conscious mice by the tail-cuff occlusion method, according to the manufacturer's instructions (Coda system; Kent Scientific). This method of blood pressure analysis has been validated extensively. Repeat measurements using tail-cuff occlusion have been shown to match radio telemetry analysis closely (43) .
Immunofluorescence and Quantification of Vascular Density and Vascular Diameter. Mouse skin isolated from WT and K14cre animals was frozen in OCT (Tissue-Tek). Staining for the epidermal basal layer markers K5, MAC-1, CD31 (BD PharMingen) was performed on 8-μm frozen sections after the tissues were fixed for 10 min in 4% (wt/vol) paraformaldehyde or acetone (for CD31). Images were acquired on an Olympus Bx51 microscope with an Olympus DP70 camera. Acquisition was performed using a 40× 1.3 UPlan FL N objective (Olympus). For quantitation of vascular density in the skin, CD31 staining was calculated as a percentage of dermal area by ImageJ software (National Institutes of Health). Results are from five random fields using a 10× objective and normalized against the WT value. To assess vessel diameter, confocal microscopic images of the skin were acquired using a LSM 700 laser scanning microscope fitted with an Axio Observer.Z1 (Carl Zeiss). The blood vessels were examined only in an area of the dermis within 100 mm of the epiderma-dermal junction. The diameters of blood vessels were measured by ImageJ software. Results are from five random fields using a 40× objective.
Cardiac Fibrosis Analysis. Formalin-fixed, paraffin wax-embedded hearts were sectioned (4 μm), and collagen deposition was assessed on Sirius Red-stained sections. Image analysis was performed using ImageJ software.
RNA Analysis. Total RNA was isolated from skin, lung, heart, and liver using TRI-reagent (Sigma) followed by RNA clean-up and DNase digest using RNeasy column kits (Qiagen). First-strand synthesis was performed with 1μg of total RNA using a high-capacity cDNA kit (Applied Biosystems) according to the manufacturer's instructions. Relative gene expression was determined by quantitative PCR (qPCR) (ABI Prism 7700 sequence detection system; Applied Biosystems) and was amplified in SYBR-Green master mix (Applied Biosystems) and relevant primers from Qiagen. Relative gene-expression levels were related to β-actin using the 2CT method. Relative gene-expression levels in human skin were related to YWHAZ expression. Immunoblotting. Tissue samples were lysed in RIPA buffer. A total of 50 μg of whole-cell lysates were loaded on to a 4-12% Bis-Tris gel from Invitrogen (NuPAGE). The primary antibodies used in this study were rabbit polyclonal anti-HIF-1α anti-HIF-2α (1:1,000; Novus Biologicals), anti-NOS2, anti-NOS3, anti-arginase-II (1:200; Santa Cruz Biotechnology), and mouse monoclonal antiarginase-I (1:1,000,; Santa Cruz Biotechnology). Secondary antibodies used were goat anti-rabbit IgG-HRP (1:2,000; R&D Systems) and rabbit anti-mouse IgG-HRP (1:5,000; GE Healthcare).
Nitric Oxide Analysis. Blood samples were centrifuged to separate plasma and were passed through a column with a 10-kDa cutoff filter. Skin nitrogen oxides (NO x ) were isolated from 500 mg of homogenized tissue using a hypotonic lysis buffer and were centrifuged at 1,000 × g, 4°C, for 5 min. All samples were analyzed for total NO x content using an NOA 280i (Siever, GE Healthcare) according to the manufacturer's instructions.
Model of Ang-II-Induced Hypertension. Ang-II or vehicle control was administered through an osmotic minipump (Model 2002; Alzet) implanted s.c. to deliver 2 μg·kg −1 ·min −1 over a 14-d period.
Human Skin Biopsy. Small elliptical skin biopsies were removed carefully from the lateral abdominal wall of 33 consenting healthy volunteers at the Addenbrooke's University of Cambridge teaching Hospital NHS Foundation Trust, Cambridge, UK following a protocol approved by the Cambridge (UK)
Research Ethics Committee (Ref:11/EE/0028). Participants consisted of 16 subjects with previously diagnosed mild hypertension and 17 normotensive subjects. The relevant participant details are presented in Table S1 . All skin biopsy samples collected were divided into two parts and were rapidly snap frozen in liquid nitrogen for RNA and protein analysis.
Human Skin Immunohistochemistry. Formalin-fixed, paraffin wax-embedded skin biopsies were sectioned (4 μm) and incubated with monoclonal mouse anti-human HIF1α (1:100) and polyclonal rabbit anti-human HIF2α (1:200) (both from Novus Biologicals). Antibodies were detected using 3,3′-diaminobenzidine tetrahydrochloride to create a brown reaction product, counterstained with hematoxylin (Dako, and examined by light microscopy. Quantification was performed by ImageJ software.
Statistic Analysis. All data represent the mean (± SEM) of n separate experiments unless otherwise stated. Differences between groups were assessed using a t test unless otherwise stated. A P value of <0.05 was considered significant.
